Ewen, Lilian M.: Separation of alkaline phosphatase isoenzymes and evaluation of the clinical usefulness of this determination. Am. J. Clin. Pathol. 61: 142-154, 1974. A simple technic for separation of alkaline phosphatase isoenzymes on agarose gel, using thymolphthalein monophosphate as the isoenzyme indicator substrate, is described. Results demonstrate that separation of isoenzymes of alkaline phosphatase in serum do not always directly identify diseased organs, except in cases in which liver or bone is the organ primarily involved. In most cases physicochemical tests such as heat treatment of serum and assay of y-glutamyl transpeptidase activity provide as much information as separation of alkaline phosphatase isoenzymes. When both liver and bone diseases are suspected, separation of alkaline phosphatase isoenzymes can provide additional information.
MUCH EFFORT has been expended in development of technics to separate isoenzymes of alkaline phosphatase in the belief that reliable differentiation would enable the tissue source of alkaline phosphatase in serum to be defined. Such definition would theoretically constitute a worthwhile diagnostic aid, particularly where liver or bone may be the major source of increased alkaline phosphatase activity in serum. Although electrophoretic migration patterns of purified tissue extracts have been portrayed, patterns of the isoenzymes in extracts of mixed origin and in serum in various disease states have been less satisfactory. This has resulted in division of opin-ion regarding the reliability and diagnostic usefulness of the test. 5 -6 -711121320 Technics which have been used most frequently include electrophoresis on cellulose acetate, agarose, starch and polyacrylamide gels, and treatment with heat, urea, EDTA, and L-phenylalanine. Antibodies to specific alkaline phosphatase isoenzymes have also been utilized. 1 0 1 4 1 6 1 7 1 8 Alpha-naphthyl phosphate has been the most frequently used substrate for indication of alkaline phosphatase activity on the electropherogram, although indoxyl phosphates have also been used.* This paper describes a method for separation of alkaline phosphatase isoenzymes on agarose gel utilizing thymolphthalein monophosphate as the substrate, with a
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ALKALINE PHOSPHATASE ISOENZYMES 1 4 3 precipitated product as the final marker.
Results obtained utilizing this method are examined in relation to patient diagnoses and are compared with results of other tests (viz. 5'nucleotidase, y-glutamyl transpeptidase, and heat stability of alkaline phosphatase in serum) frequently used as parameters of liver function or for differentiation between osseous and hepatic disease. Experience here on the diagnostic usefulness of this method of separation of alkaline phosphatase isoenzymes compared with other tests available is presented for evaluation and review by others in the field.
Methods

Specimens
Unselected sera with elevated total alkaline phosphatase activities were obtained from the laboratory of this hospital. Clinical diagnoses and comments were obtained from review of the patients' medical records, utilizing operative notes and microscopic tissue findings where applicable. Tissue specimens were obtained at autopsy from the hospital morgue and were stored at -2 0 C. until utilized. Extracts were made in ice-cold 0.05 M tris/barbital buffer, pH 8.8, using a Potter Elvehjem homogenizer with Teflon pestle, and were centrifuged at 1,000 X g to remove gross particulate matter before being divided into aliquots and stored at -2 0 C. Electrophoresis a) Agarose Gels. Agarose gels of uniform thickness were prepared by injecting the gel between two glass plates, each 20 X 20 X 0.5 cm., separated by a 0.5-cm. wide frame of aluminum sheet, 0.07 cm. thick. The aluminum frame, made in two L-shaped sections, was placed between the glass plates, leaving a 0.1-cm. space at two diagonally opposite corners. A 20-G. disposable hypodermic needlef was inserted between the glass plates in one of the 0.1-cm. spaces. T h e diagonally opposite corner remained open to allow air to escape as the agarose was being injected. To hold the apparatus firmly together, 2',4-inch "bulldog clips" were clamped around the edges of the glass plates (Fig. 1) .
Slot formers were made on one of the plates of glass utilized for pouring the gel by gluing metal strips 1 cm. long cut from paper staples parallel to and 3 cm. from one edge of the glass plate. E-Pox-E Resin, quick-set glue 50/50 formula:): was found to be a satisfactory fixative for the strips.
Agarose gels § (2.4% w./v.) were prepared in Tris/barbital buffer,^ pH 8.8, ionic strength 0.063, by heating a flask containing the slurry in a boiling water bath (beaker) on a magnetic hotplate stirrer until dissolved. A 30-ml. amount of gel was sufficient for preparation of one plate. Before pouring the gels the prepared apparatus was warmed in an oven at 60 C , the gel was then drawn into a disposable 30-ml. syringe and injected between the warmed glass plates through the hypodermic needle previously placed in position, until the whole area within the aluminum frame was filled with gel. The gel was allowed to set, and the top plate with the slit formers was then removed, leaving a gel of uniform thickness containing slots for sample application. Evaporation from the gel was prevented by covering the surface with plastic sheeting (Saran wrap**).
Electrophoresis was carried out on an aluminum cooling slabft with cold-water circulation. Before placing the gel supporting plate onto the cooling slab, a film of buffer was layered over the cooling surface and the plate with the gel was then lowered For location of alkaline phosphatase activity after electrophoresis, agarose gels containing the substrate thymolphthalein monophosphate were prepared utilizing 20 X 20 x 0.5 cm. glass plates as before to pour the gel, but omitting the use of a slot former plate. Agarose, 1.2% (w./v.) was prepared in diethanolamine buffer, 0.9 M, pH 10.15, containing 0.5 mM. MgCh and 0.2% Brij-35. T h e flask containing the slurry was heated in a beaker of boiling water on a magnetic hotplate stirrer until the gel melted. It was then poured into a beaker containing thymolphthalein monophosphate § § to give a final concentration of 0.3 M, and stirred until the substrate was dissolved. The gel was injected between previously warmed glass plates as before and allowed to set.
After electrophoresis this gel containing thymolphthalein m o n o p h o s p h a t e was layered over the electrophoresis gel, the gels covered with Saran wrap and placed on a rack in a water bath at 45 C , so that the water completely covered the underside of the glass plate but did not come over the upper surface of the plate and on to the gel. Incubation was allowed to proceed for 30 minutes or until the isoenzymes were visible as whitish precipitates when the gels were viewed against oblique light. After development, the substrate gel was removed and discarded. Formalin, 10% (v./v.), was layered over the electrophoretic gel, allowed to stand for 2 minutes, and then rinsed away with distilled water. Areas of enzymic activity appear as whitish precipitates in the gel when viewed against a black background, and may be preserved for a period of 5-6 days by covering the plate with Saran wrap. Alternatively, areas of isoenzyme activity may be visualized after drying of the gel by overlaying the gel with distilled water. For permanent record, plates were photographed against a black background with a light source directed obliquely on to the back of the plate.
b) Polyaeryiamide Gels. Polyacrylamide gels were prepared in the same apparatus as agarose plates. A gasket of ParafilmlH! cut to fit over the aluminum spacer, and masking tape placed around the edges of the apparatus before applying the bulldog clips, prevented leakage of the gel mixture before polymerization. Warming of the apparatus is not necessary when using acrylamide gels.
Gels from 5 to 10% (w./v.) were made using Cyanogum-41*** dissolved in Tris/barbital buffer, pH 8.8, 0.063 ionic strength, as for agarose, or in Tris/maleic acid buffer, pH 9.0, ionic strength 0.14.*** TMED (NNNN tetramethylethylenediamine),*** 25 fi\., and ammonium persulfate, 25 mg., were added per 25 ml. of gel before pouring. The gel solution was injected into the apparatus as for agarose and allowed to polymerize.
Electrophoresis was conducted using the cooling slab already described, and isoenzyme location developed as described for agarose gel electrophoresis. Enzyme localization was achieved by placing the cellulose acetate plate face down on a film of agarose containing thymolphthalein monophosphate prepared as described for agarose gel electrophoresis, and supported on a glass plate. The cellulose acetate plate was covered with Saran wrap and incubated in a water bath maintained at 45 C. as described previously, until the location of the isoenzymes could be seen on the agarose film. After development, the cellulose acetate plate was removed, 10% (v./v.) formalin applied for 2 minutes to the agarose gel, followed by washing with distilled water. Isoenzymes were visible on the agarose gel as described above.
Enzyme Activity Measurements
T h e method used for estimation of •y-glutamyl transpeptidase activity was based on that of Szasz, 19 but using 50 mM glycylglycine as acceptor and 5.0 mM y-glutamyl-p-nitroanilide as substrate. Activities were followed by continuous monitoring in a Hitachi-Perkin Elmer (Coleman 124) § § § system. Total and heat-stable alkaline phosphatase (that activity remaining after incubation of 0.5 ml of serum at 56 C. for 10 minutes) were measured by the a u t o m a t e d method of Babson 
Results
M E T H O D D E V E L O P M E N T
Agarose Gel Electrophoresis
Buffer System. Ionic strength: Tris/barbital buffer, pH 8.8, of ionic strength 0.063 was chosen after trial of buffers ranging in ionic strength from 0.025 to 0.125. Using buffers with too great an ionic strength resulted in excessive current and heating of the gel. With lower ionic strength resolution was less sharp./?//; Buffer pH was varied from pH 8.2 to 9.2, using a Tris/barbital buffer of ionic strength 0.063. Separation of liver from bone isoenzyme was not apparently improved over this pH range, although slight changes in distance between bone and intestinal fractions were apparent.
Agarose Concentration. Since agarose does not exert a molecular sieving effect for isoenzymes of alkaline phosphatase, varying the gel concentration from 0.05 to 2.4% (w./v.) did not noticeably influence the final separation achieved. More concentrated gels were more easily handled, and a gel of 2.4% (w./v.) was therefore utilized.
Plate Size. Initially, plates 12.5 X 11.5 X 0.5 cm. were used. Larger plates permitted simultaneous electrophoresis of a greater number of specimens over a longer gel distance, producing better separation of individual isoenzymes. Plates 20 x 20 x 0.5 cm. were found to be convenient.
Pattern Development. Use of a gel containing substrate was found to give superior pattern development to that obtained with the substrate in solution. Products of isoenzyme activity were seen as whitish precipi- Mixed tissue extracts of liver, bone and intestine; liver isoenzyme from serum; same serum following heat treatment, isoenzyme still apparent; bone isoenzyme from serum; same serum following heat treatment, isoenzyme destroyed; liver + bone isoenzymes from serum; same serum following heat treatment, liver isoenzyme still apparent, bone isoenzyme destroyed; liver + placental + intestinal isoenzymes; same serum following heat treatment, isoenzymes not destroyed. tates, possibly of the insoluble trisodium salt of thymolphthalein, in the electrophoretic gel after incubation.
Polyacrylamide Gel Electrophoresis
Bands of isoenzyme activity were more compact using polyacrylamide gel electrophoresis, particularly where high gel concentrations were used, but separation of liver and bone fractions achieved was not superior to that obtained with agarose.
Cellulose Acetate Electrophoresis
Separation was rapid using cellulose acetate, but differentiation between liver and bone isoenzymes was inferior to that obtained using the agarose plates described above.
Electrophoretic Separation of Alkaline Phosphatase Isoenzymes on Agarose Gels
Electrophoretic separation of alkaline phosphatase isoenzymes on agarose gel is illustrated in Figures 2 and 3 . Isoenzymes extracted from liver, bone and intestine were clearly separated when run individually or in a mixture of all three, with liver isoenzyme showing the greatest mobility (Fig. 2) . Alkaline phosphatase from kidney migrated most slowly of the tissue extracts studied, following intestinal isoenzyme but showing a more diffuse band, the more rapidly migrating edge of which overlapped with intestinal isoenzyme. Faint bands with migration characteristics similar to liver and bone isoenzymes could also be distinguished in the kidney preparation (Fig. 2) . Isoenzyme from spleen migrated in a position similar to bone isoenzyme. Although liver and bone isoenzymes from tissue extracts were clearly differentiated, separation from serum was not as distinct, the bone isoenzyme migrating more closely behind the liver isoenzyme than in tissue extracts (Fig. 3) . Liver and bone isoenzymes from serum were distinguishable, however, because of their different appearances and their differing stabilities in response to heat t r e a t m e n t . T h e isoenzyme from liver showed a sharp band, still distinguishable on the electropherogram following heat treatment of serum, while the isoenzyme from bone migrated behind this zone in a more widely spread band which was not a p p a r e n t following heat t r e a t m e n t of serum (Fig. 3) . When two sera containing either liver or bone isoenzyme were mixed, it was possible to differentiate between the two isoenzymes using these criteria (Fig. 3) . Intestinal isoenzyme in serum showed a discrete band with migration characteristics identical to the intestinal isoenzyme of tissue extracts (Fig. 3) . A band of isoenzyme activity which migrated more slowly than intestinal isoenzyme was found in a number of patients in whom liver isoenzyme was the predominant isoenzyme in serum.
Placental alkaline phosphatase migrated to a position between liver and bone isoenzymes of tissue extracts, similar to the bone isoenzyme seen after electrophoresis of serum. The isoenzyme was easily differentiated from bone by its sharper bands and its heat stability compared with that of bone (Fig. 3) . As many as three closely migrating fractions of placental alkaline phosphatase were distinguished in some sera. In others, a narrow band only was seen (Fig. 4) . As many as five fractions were differentiated from a lyophilized extract of human placental isoenzyme available commerciallyH^! (Fig. 4) .
BIOCHEMICAL P A T T E R N S IN ABNORMAL SERA
Data grouped according to serum isoenzyme patterns obtained are shown in Table  1 . Mean figures for the heat stability in serum of the various alkaline phosphatase isoenzymes are shown in Table 2 . Distributions of results obtained for the biochemical assays are plotted in Figure 5 for sera containing isoenzymes from liver, bone, intestine, or placenta, or mixtures of these, to illustrate correlation between these tests of liver function and the isoenzyme(s) in serum.
Discussion
Methodology
Equipment. A prerequisite in development of any test which is to have successful application in a routine clinical laboratory is simplicity. The method described here was developed using only inexpensive materials readily available in any laboratory. More sophisticated equipment can be used where facilities are available.
Support Media. Agarose, in contrast to the reagents used in making polyacrylamide gel, is nontoxic and provides a tough, easily handled gel when used in the concentrations described. Although resolution of alkaline phosphatase isoenzymes superior to that achieved with polyacrylamide gel has been claimed when Titan III cellulose ace- tate plates were used as the supporting medium, 8 these other support media did not offer any advantage over agarose in resolution of liver and bone bands; indeed, separation on Titan III cellulose acetate plates was inferior to that obtained by the method described.
Pattern Development. Thymolphthalein monophosphate has been used as a substrate for total alkaline phosphatase activity by Roy. 15 There, enzymic activity is estimated by measurement of the blue color produced by thymolphthalein under alkaline conditions. Visualization by alkalinization (e.g., by overlaying the gel with a solution containing 0.1 M NazCOa and NaOH, or with fumes of ammonium hydroxide) to give a blue color can be utilized in this technic after electrophoresis, but the color fades and spots are more diffuse than by development of the precipitate described in Methods.
Isoenzymes of Alkaline Phosphatase in Relation to Clinical Diagnosis
Factors complicating the interpretation of serum alkaline phosphatase isoenzyme tests described by a large number of investigators have been discussed by Winkelman and his colleagues. 20 These authors concluded from their own work that liver and bone isoenzymes cannot be reliably separated, and that proper identification of diseased organs in a series of patients would be infrequent if based on their electrophoretic or physicochemical data for alkaline phosphatase activity. While electrophoretic separations achieved utilizing the method described in this paper do enable differentiation between liver and bone isoenzymes, evaluation of the data obtained in relation to information gained clinically confirms the results of Winkelman and his colleagues. Thus, isoenzymes were seen in diseases in which the organ of origin of the isoenzyme was not primarily involved, for example in one patient with chronic renal failure (Patient 4) and one with pancreatitis (Patient 14), only liver isoenzyme was present. Also, variation occurred between patients with the same primary disease as a result of other variables in the individual patients. For example, in three patients with ulcerative colitis, one (Patient 6) who was also a chronic alcoholic showed liver isoenzyme only, one (Patient 50) showed liver and bone isoenzyme, and one (Patient 51) showed only intestinal isoenzyme. In three patients with chronic renal failure, one (Patient 4) showed the liver isoenzyme only and two (Patients 35 and 37), in whom secondary hyperparathyroidism had also developed, showed only bone and not liver isoenzyme.
But, as Winkelman and his colleagues have stated, differentiation of isoenzymes of liver from those of bone is potentially the most useful application of serum alkaline phosphatase isoenzyme testing. From this aspect, results obtained here are more positive. In no case where liver or bone was involved in the disease process was that particular isoenzyme not seen in serum -where the liver was involved, liver isoenzyme was found, and where bone was implicated, bone isoenzyme was differentiated either alone or in combination with another isoenzyme. Other workers have not found this to be consistently true. Thus, Sussman 1718 reported that serum alkaline phosphatase in patients with osteomalacia or Paget's disease proved immunochemically to be of hepatic origin.
In none of the sera studied were isoenzymes other than liver, bone, and intestine identified. The source of the slowly migrating band, observed in several patients in whom liver isoenzyme formed the predominant band, is not known, although it seems likely that it is also of hepatic origin. Isoenzyme from kidney migrates in a position similar to that of the slow fraction, and it is possible that this band could be of renal origin. In patients with an apparent bone isoenzyme but in whom bone would seem to be an unlikely source of the isoenzyme (as in Patient 50, with ulcerative colitis, showing liver and bone isoenzymes), it is interesting to speculate on the possibility that spleen or even cells of the vascular walls could contribute to the pattern seen on electrophoresis of serum. It may be recalled that faint bands of activity migrating with bone and liver isoenzyme fractions were also differentiated from the crude kidney preparation used. Antibody technics would be necessary to establish with certainty the specificity of these apparently bone or liver bands.
Genetic variation of placental alkaline phosphatase has been described by Boyer 3 and reviewed by Beckman.
2 As in Boyer's work, serum patterns of placental isoenzymes studied here included those with three bands and those showing only one isoenzyme band, corresponding to the slowest placental band. In one patient with cholestatic jaundice of pregnancy, the liver band was clearly differentiated from the placental isoenzyme (Fig. 4) . Although at least five distinct bands of activity were detected in a commercial extract of human placenta, these isoenzymes are not of diagnostic significance at this time, and patterns of placental extract were not examined in further detail.
Isoenzymes of Alkaline Phosphatase versus Biochemical Tests to Differentiate the Source of Elevated Alkaline Phosphatase Activity in Serum
In view of the foregoing discussion, does separation of alkaline phosphatase isoenzymes offer any advantage over the use of a combination of other enzyme tests for the purpose of differentiating the source of elevated alkaline phosphatase activity in serum? From the data presented, it would appear that in most instances a combination of biochemical tests will provide as much information as the more tedious separation of alkaline phosphatase isoenzymes. Thus, where bone was the only isoenzyme present in serum, activity of alkaline phosphatase after heat treatment of serum, as described, was less than 12% of the initial activity present, and -y-glutamyl transpeptidase and 5'nucleotidase activities were not elevated. In such instances it is possible, using these tests, to eliminate the liver as the source of an elevated alkaline phosphatase activity in serum without separating the individual isoenzymes. It must be emphasized, however, that activities remaining following heat treatment of serum were obtained using phenolphthalein monophosphate as substrate. Where another substrate is used to determine alkaline phosphatase activity, different figures would be obtained for activities following heat treatment, because of the differing affinities of the isoenzymes for different substrates.
Using phenolphthalein monophosphate as substrate, activities of alkaline phosphatase following heat treatment of serum, which ranged from 12 to 48% of that seen in unheated serum, were strongly indicative that liver isoenzyme was present, either alone or in combination with another isoenzyme. In these patients data for •y-glutamyl transpeptidase reaffirmed the already well-documented sensitivity of this enzyme in serum as a reflector of changes in hepatic metabolism. Thus, almost without exception, where liver isoenzyme was differentiated y-glutamyl transpeptidase was elevated. The only exceptions to this were one patient (50), who showed liver and bone isoenzymes, whose diagnosis was ulcerative colitis and in whom alkaline phosphatase activity in serum was normal, and two gravid female patients; one (Patient 60) showed liver and placental bands and was diagnosed as having cholestatic jaundice of pregnancy, and in the other (Patient 61) a massive placental band was present with only minor liver and intestinal isoenzymes.
Thus, without recourse to separation of isoenzymes, it is possible to implicate the liver as a source of an elevated serum alkaline phosphatase activity. In these cases, 154 EWEN AJ.C.P.-Vol. 61 however, it is not possible, while implicating the liver, to eliminate bone (or intestine) as also contributing to the alkaline phosphatase activity in serum, and herein lies an application of electrophoretic separation of alkaline phosphatase isoenzymes. Where both hepatic and osseous diseases are suspected, biochemical tests will not suffice, and separation of alkaline phosphatase isoenzymes will provide additional information.
Placental alkaline phosphatase need not be a problem in differentiating the source of an elevated alkaline phosphatase in applicable cases. The greater heat stability of the isoenzyme (>54%) combined with normal y-glutamyl transpeptidase activity can be used to determine whether this is the only isoenzyme contributing to elevated alkaline phosphatase activity.
In conclusion, the data presented demonstrate that: (1) Liver and bone isoenzymes of alkaline phosphatase can be separated on agarose gels, and thymolphthalein monophosphate provides a satisfactory indicator for the separated isoenzymes in this gel. (2) Physicochemical tests such as heat treatment of serum and assay of y-glutamyl transpeptidase activity can be used to eliminate or implicate the liver as contributing to elevated alkaline phosphatase activity in serum. (3) Where both hepatic and osseous diseases are suspected, separation of isoenzymes of alkaline phosphatase can provide additional information. (4) The isoenzymes of alkaline phosphatase present in serum do not always provide an indication of the organ primarily involved in the disease, except where liver or bone is the tissue primarily involved.
